We studied the impact of grazing by red kangaroos (Macropus rufus) on pasture biomass and species diversity over a 32-month period in destocked open shrubland in the Gascoyne region of Western Australia. Grazing significantly impeded the accumulation of annual and perennial grass biomass in a degraded perennial shrub community (Pc0.001 and P<0.05) and on denuded sites that were cultivated and reseeded with native shrubs (P<0.01 and Pc0.01). The accumulation of annual and perennial forb biomass was unaffected by kangaroo grazing. After 12 months, pasture species diversity was significantly greater on degraded perennial sites protected from kangaroo grazing (P<0.05).
Introduction
There is general agreement that red kangaroo (Macropus rufus Desmarest) populations in the arid and semi-arid rangelands have increased as a result of pastoral development. This increase may be attributed to an expansion of useable habitat resulting from the provision of permanent water supplies (Oliver 1986 ), modification of pastures by livestock (Newsome 1975) , and reduced populations of the major predator, the dingo (Canis familiaris dingo Blumenbach), particularly in areas grazed by sheep (Shepherd and Caughley 1987) .
Dietary overlap between sheep and kangaroos can be substantial under good seasonal conditions (Ellis et al. 1977) and during severe drought (Barker 1987) . Competition between sheep and kangaroos has been demonstrated in terms of reduced wool production and sheep body weight (Wilson 1991) . Financial losses to pastoralists incurred by kangaroos have been estimated between $82 and $200 million per year (Collins and Menz 1986 , Gibson and Young 1987 , Sloane, Cook and King Pty Ltd 1988 .
By comparison, there is relatively little objective information on the impact of kangaroos on rangeland rehabilitation. Pastoralists generally believe that kangaroos invade destocked areas and inhibit range regeneration, and that commercial kangaroo shooting offers little respite (Gibson and Young 1987; Select Committee into Land Conservation 1991) . Norbury and Norbury (1993) demonstrated that kangaroos preferentially graze destocked areas. Moreover, Gardiner (1986a,b) showed that grazing by kangaroos (M. rufus and M. robustus Gould) inhibited regeneration of the perennial grass, Eragrostis xerophila Domin., and the chenopod, Maireana glornerifolia (F. Muell. & Tate) P.G. Wilson, in the West Australian mulga zone.
This study examines the effect of grazing by red kangaroos on accumulation of pasture biomass in a degraded rangeland, and the extent to which this effect could be modified by commercial kangaroo shooting. We report grazing effects on areas regenerating naturally and those subject to mechanical cultivation and reseeding with native shrub species. The itnpact of kangaroos on regeneration of shrub populations will be reported elsewhere.
Methods

Study area
The study was conducted between April 1989 and December 1991 on Middalya and Wandagee stations (23'50's; 114'4533) in the Gascoyne region of Western Australia. Sheep grazing is the primary land use. Red kangaroos are the other major vertebrate herbivore present in the area. Euros were confined to areas not studied here, feral goats were scarce, and rabbits do not occur in the area. Median annual rainfall is 222 mm and the coefficient of variation for annual totals is 50%. Rainfall is bimodal, falling mostly between January and March, and May and July. Summers are hot to very hot and winters are mild.
Soils and vegetation of the area have been described by Payne et al. (1987) . Four land systems occur within the experimental paddocks. River, Target and Giralia land systems represent, respectively: the riparian communities associated with the major channelled drainage; sandy banks and interbanks with an Acacia spp. overstorey and a sparse perennial grass layer; and a dune-swale complex dominated by spinifex (Triodia spp.). Grazing effects were monitored on the Jimba land system comprising gently sloping alluvial plains, diffuse drainage zones, minor pebbly plains and low ridges supporting scattered tall and low shrublands of Acacia, Eremophila, Maireana and Atriplex spp. This land system contributes substantially to the potential pastoral productivity of the area. Overgrazing has led to localised erosion and a general loss of desirable shrub species. Assessed range condition (see Payne et al. 1987) varies from fair to very poor. The soils and landform of this system are well suited to mechanical regeneration treatments.
Study design
Two paddocks of approximately equal size (average 6900 ha) and separated by 24 km, were chosen for study on the basis of similar land system composition and proximity. Both paddocks were destocked of 400 and 600 sheep in April 1989. Two 300 x 150 m kangaroo proof exclosures were erected in one paddock, and three exclosures erected in the other. Half of the area of four exclosures (two in each paddock) and the entire area of the fifth, was devoid of perennial vegetation. These five denuded areas were subject to discontinuous strip cultivation with an opposed disc plough, and seeded with native shrubs [Maireana aphylla (R.Br.) P.G. Wilson, M. polypterygia (Diels.) P.G. Wilson and Atriplex amnicola P.G. Wilson] . There were about 50, 15 m-long cultivated strips per hectare. These areas are referred to as 'cultivated sites.' Six similarly denuded sites outside the exclosures were subject to the same treatment in each paddock. The remaining area of the four heterogeneous exclosures supported a degraded perennial shrub community. These areas were left uncultivated and were compared with four similar sites immediately adjacent to each exclosure. These areas are referred to as 'natural sites.'
One paddock was included in a commercial kangaroo shooter's route. No shooting occurred in the other paddock. The shooter operated independently of the study and shot only when kangaroo numbers made it commercially viable. Monthly offtake figures were provided by the shooter. Logistical constraints and the need to select paddocks with similar land system composition prevented replication of the culling treatment.
Pasture and rainfall measurements
Pasture biomass was measured every four months using a modified version of the Comparative YieldDry Weight Rank technique (Jones and Hargreaves 1979) . Quadrat yield was estimated as total fresh weight. A random subset of quadrats, usually one per transect (see below), was harvested for calibration of these estimates and for determination of the regression of dry weight on estimated fresh weight. Harvested samples were weighed after oven drying for 48 hours at 80°C. Twenty 0.5 m2 quadrats were systematically placed along the length of each of five permanently located'100 m transects on each of two grazed and two ungrazed natural sites in both paddocks. The same sampling procedure was applied to cultivated sites. Here, transects were 50 m long and oriented along the cultivated strips. In total there were six grazed, cultivated sites (three in each paddock) and five ungrazed, cultivated sites (three in the culled paddock and two in the unculled paddock). Rainfall was recorded from 10 rain gauges spaced throughout both paddocks.
Kangaroo grazing intensity
An index of kangaroo grazing intensity outside the exclosures was obtained by collecting kangaroo dung every four months from 4 m-wide belt transects centred on the pasture transects. Dung was initially cleared from all transects. Samples were weighed after oGen drying for 48 hours at 80°C.
Statistical analysis
Pasture was divided into four functional groups: annual grass, perennial grass, annual forb and perennial forb (see Appendix for species composition). Two derived groups 'total grass' (sum of annual and perennial grass) and 'total pasture' (sum of all four groups) were also examined.
Natural sites were analysed as grazed and ungrazed pairs because they were located immediately adjacent to each other and comprised similar soil types and topography. Grazed and ungrazed cultivated sites, however, differed slightly in soil type and topography and were subject to unpaired analyses. Differences in biomass between grazed and ungrazed treatments and between time were tested for each functional group by a repeated measures analysis of variance. Generalised linear modelling was used when there were missing data or unequal replication. Differences between grazed and ungrazed treatments for each sampling period were tested using the Student-Newman-Keuls multiple comparison. Since pasture responses were similar in the culled and unculled paddocks, data were pooled to test the overall effect of kangaroo grazing on natural and cultivated treatments. Log transformations were applied as required to overcome unequal variances (Levene Median test) or non-normality (Kolmogorov-Smirnov test).
The diversity of pasture species on each site and for each sampling was expressed using the Shannon-Weaver index (Zar 1984) . Differences in plant diversity between grazed and ungrazed treatments over time were analysed as above. No attempt was made to examine species diversity between functional groups because of inadequate numbers of species per site.
Results
Rainfall
Rainfall during the study period was similar in each paddock (Fig. 1) . Rainfall for each year, calculated as the mean of all 10 rain gauges, was close to the median of 222 mm (1989, 233 mm; 1990,236 mrn; 1991, 204 mm) .
Ciazing pressure
If the one high dung level recorded in the culled paddock early in the study (December 1989; 14 .9 kgha/l2O days) is excluded, mean dung levels were similar in the culled and unculled paddocks (2.6 and 2.4 kglhdl20 days, respectively, Fig. 1 ). This was despite the removal by the kangaroo shooter of about 2080 kangaroos from the culled paddock during the study (see Fig. 4 ). Intensive aerial surveys of red kangaroo populations in the study area (Grant Norbury, unpublished data) estimated densities in the order of 4 to 5 kangaroos/km2. These estimates are supported by the triennial aerial surveys conducted by the Australian National Parks and Wildlife Service in 1990 (Southwell et al. 1991) . 
Aug
Grazing impacts
In April 1989, pasture biomass on the Jimba land system was uniformly low in both paddocks due to unfavourable seasonal conditions before the start of the study.
Kangaroo grazing had a significant impact on the accumulation of annual and perennial grass biomass on cultivated and natural sites, and on total pasture biomass on natural sites (Tables 1  and 2 ). Significant grazing by time interactions indicated that grazing effects were time dependent (see Figs 2 and 3) . Accumulation of biomass for annual and perennial forbs on both types of sites, and total pasture on cultivated sites were unaffected by kangaroo grazing.
The response of grasses in the presence and absence of commercial kangaroo shooting is shown in Fig. 4 . Data for cultivated and natural sites were pooled since the effect of grazing on total grass biomass was similar for both treatments. The effect of kangaroo grazing on total grass biomass was equally significant in the presence (F(1,8) = 25.66, P<0.001) and absence (F(1,7) = 31.38, Pc0.001) of shooting. There was also a significant interaction between grazing and time (culled, F(8,59) = 7.63, Pc0.001; unculled, F(8,53) = 12.52, P<0.001) for both shooting treatments. The greater peaks in grass biomass on the ungrazed sites in the culled paddock, compared with those in the unculled paddock, were probably a result of local differences in soil type. The important point to note here are the differences in biomass within each paddock between grazed and ungrazed treatments.
Pasture species diversity was significantly greater on natural sites after 12 months of protection from kangaroo grazing (Pc0.05). A similar although non-significant trend was apparent for cultivated sites (Fig. 5) . 
Discussion
Despite favourable rainfall during the study period, kangaroo grazing impeded the accumulation of annual and perennial grasses and total pasture biomass on natural sites. A similar effect on grasses was evident on cultivated sites. Given the complete absence of kangaroo grazing on the ungrazed sites, and kangaroos' strong preference for grasses on the grazed sites (e.g. Ellis et al. 1977 , Barker 1987 , it was not surprising that a grazing impact on grasses was detected. However, there were several important features to note. At the end of the study, total grass biomass on ungrazed areas was about 40 times higher than on areas grazed by kangaroos only (all sites combined). About half of this ungrazed biomass was contributed by drought-resistant perennial species, such as Eragrostis setifolia Nees, E. xerophila and Cenchrus ciliaris L. The persistence of 'reserve' species such as these supply the maintenance diet for stock during frequent rainfall deficiencies in arid rangelands (Wilson and Harrington 1984) . It could be argued therefore, that in the face of infrequent drought, sustainable pastoral production in the arid rangelands is largely dependent on the maintenance of perennial species such as these. Their suppression on areas grazed by kangaroos (Figs 2 and 3 ) implies greater adverse effect than is indicated by the major reduction in total grass biomass alone. . Pasture species diversity (Shannon-Weaver index) measured for grazed and ungrazed treatments for natural sites (n=4 for both grazing treatments) and cultivated sites (n=4 for both grazing treatments during the first two samples; thereafter, n=6 grazed and n=5 ungrazed). The boxes contain the significance levels of a repeated measures anaysis of variance. Solid bars are grazed, hatched bars are ungrazed. Asterisks above data points represent significance levels of multiple comparisons. n.s., not significant; *, Pc0.05; **, Pc0.01. Error bars are + 1 S EM.
Kangaroo grazing had no effect on total pasture biomass on cultivated sites. However, these areas supported much higher levels of pasture biomass (average of 497 kg/ha compared with 128 kg/ha on natural sites), 96% of which comprised annual forbs. The more prolific growth stimulated by cultivation probably negated any impact of kangaroos on this major, but less preferred, component of the pasture.
Although our study lacks quantitative data on the population dynamics of pasture layer species, photographic evidence clearly showed higher recruitment and survival of grass species in the ungrazed plots. The resulting increase in density would have contributed to the accumulation of biomass measured on sites protected from kangaroo grazing. Indeed, Gardiner (1986ab) reported significant reductions in recruitment and survival of E. xerophila in destocked mulga shrubland grazed by kangaroos. Therefore, in addition to the measured impact of kangaroo grazing on forage supply, we also infer a negative impact on the population dynamics of grass species.
Our results are consistent with Wilson's (1991) findings that kangaroos (mostly M. fuliginosus Desmarest) removed mainly perennial grasses but had relatively low preference for annual and perennial forbs in a semi-arid mulga woodland. Wilson also inferred that regeneration of perennial grasses would be restricted by kangaroo grazing.
The impact of grazing on the floral diversity of Australian rangelands has been subject to little critical study. Available evidence suggests that such relationships are unlikely to be simple or universal Hacker 1990, Margules and Williams 1984) . In this study kangaroo grazing significantly reduced the diversity of the pasture layer on natural sites but the implications of this for conservation of the rangelands biota, pastoral production or ecosystem stability cannot be deduced from our short-term data. Further research into the impact of grazing on biodiversity is warranted.
Commercial culling failed to alleviate the impact of kangaroo grazing on the accumulation of grasses, in the absence of sheep. This was despite the fact that 83% of the animals shot during the study were taken after April 1990 when grass biomass began diverging between grazed and ungrazed treatments. Sustained offtake probably resulted from the apparent influx of kangaroos into the area following the removal of sheep (Norbury and Norbury 1993) and their continued influx in response to culling as indicated by the maintenance of dung levels.
Results from this study would indicate that the recovery of degraded pastures cannot necessarily be guaranteed by destocking alone. Moreover, commercial culling of kangaroos under the current management program may provide inadequate protection for areas where regeneration is being attempted in the absence of stock. These views are supported by an abundance of anecdotal evidence from the pastoral industry. It is arguable that unless more effective methods of kangaroo control are integrated with stock reductions (e.g. intensive strategic shooting, electrified fencing, or humane use of selective watering devices that exclude kangaroos), the recovery of degraded rangeland pastures is likely to be severely limited.
